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reproduce inequalities, and that are too rigid to deal with future changes in society and 
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that are less-easily controlled, and consider adaptive approaches to move beyond 
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1. Complexity: the fault-line of water security research 
A 2012 review of water security research categroised it as either narrow and discipline-
specific, or broad and integrative (Cook and Bakker 2012). The authors demonstrated how 
the narrow framings facilitated uptake into policy, and convincingly argued that they would 
be usefully complemented by the broader framings, in order to ensure that “robust 
governance processes [serve] to mediate the trade-offs between different stakeholders, 
scales, and uses of water” (Cook and Bakker 2012: 98).  
Four years and many peer-reviewed water security articles later, there is very little evidence 
of such blended water security research or policy. What may be observed instead is a 
drifting apart and entrenching, as in the recent water security debate in Science that posits 
environmental solutions against infrastructure solutions (Muller et al., 2015; Palmer et al., 
2015). Others have noted that the concept of water security is ‘popular but contested’ 
(Pahl-Wostl et al., 2016), called for its reframing (Tarlock and Wouters, 2010), or labelled 
the contentions as a ‘battleground of ideas’ (Zeitoun et al., 2013). The dissonance is evident 
from the contradicting and growing number of definitions of water security shown in Table 
1.  
Table 1. Contrasting definitions of water security. For more comprehensive reviews see 
Cook and Bakker (2012) and van Beek and Lincklaen Arriens (2014).  
Notes Definition of water security Source 
The Hague Ministerial 
Declaration on Water Security 
in the 21
st
 Century had social 
equity and the environment at 
its heart: 
ensuring that freshwater, coastal and related ecosystems are 
protected and improved; that sustainable development and 
political stability are promoted, that every person has access 
to enough safe water at an affordable cost to lead a healthy 
and productive life and that the vulnerable are protected 
from the risks of water-related hazards 
The Hague 
Ministerial 
Declaration 
(2000) 
By far the most cited definition 
of water security seeks to be 
comprehensive from within an 
otherwise reductionist 
qualitative ‘acceptable risk’ 
framing: 
the availability of an acceptable quantity and quality of water 
for health, livelihoods, ecosystems and production, coupled 
with an acceptable level of water-related risks to people, 
environments and economies  
Grey and 
Sadoff 
(2007: 569) 
An equally all-encompassing 
working definition that will 
have widespread use in global 
institutions: 
the capacity of a population to safeguard sustainable access 
to adequate quantities of acceptable quality water for 
sustaining livelihoods, human well-being, and socio-economic 
development, for ensuring protection against water-borne 
pollution and water-related disasters, and for preserving 
ecosystems in a climate of peace and political stability  
UN-Water 
(2012b: vi) 
Within a framework designed 
to support the implementation 
of ‘pro-poor’ projects, water 
security is narrowed to: 
reliable access to water of sufficient quantity and quality for 
basic human needs, small-scale livelihoods and local 
ecosystem services, coupled with a well managed risk of 
water-related disasters 
WaterAid 
(2012: 6) 
The working definition of water 
security for the Department for 
sustainable and equitable access to water of appropriate 
quantity and quality for all users (e.g. for drinking water & 
Penrose 
(Penrose, 
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International Development 
maintains the component of 
equity: 
sanitation, agriculture, energy, industry and ecosystems) 
whilst reducing the impacts and costs of water shocks and 
stresses including floods, droughts and pollution to an 
acceptable level  
2012) 
The most succinct definition 
eschews comprehensiveness 
and equity for a reductionist 
‘tolerable risk’ framing: 
a tolerable level of water-related risk to society  
Grey et al. 
(2013: 4).  
Acknowledging contrasting 
objectives of groups with 
inequitable influence, 
“divergent water securities” 
has been suggested as: 
an intrinsically relational, political and multi-scale issue of 
both water access and control that takes shape in contexts of 
unequal power relations 
Boelens 
and 
Seemann 
(2014: 3) 
Directly tackling complexity 
and uncertainty, an adaptive 
management perspective sees 
water security as: 
the sustainable availability of adequate quantities and 
qualities of water for resilient societies and ecosystems in the 
face of uncertain global change  
Scott et al. 
(2013). 
The addition of the term ‘security’ to ‘water’ originally raised hopes as well as concerns 
amongst water research and policy communities. The hopes stemmed from the belief that 
the term might shake up staid thinking, which had not moved far from decades-old debates 
about the utility of the Dublin Principles, or the management paradigm of Integrated Water 
Resources Management (see e.g. Hepworth, 2009). The concerns were that the term would 
invite ‘securitization’ of water by national military-political apparatuses, which threatened 
to place water resource management decisions beyond the reach of normal politics (see 
Oswald Spring and Brauch, 2014) – though this has not developed in any meaningful way.  
Even with securitization concerns allayed, however, the extent to which the term ‘water 
security’ has served to invigorate water research and policy communities is questionable. 
The term may still lead to broad, interdisciplinary and inclusive approaches, with security 
understood in the sense of reliability, adaptability, and freedom from fear. Alternatively, 
‘water security’ could be understood in terms of predictability and control, and serve only to 
re-brand out-dated ideas. This article asserts that if the water security community is to take 
full benefit of the interest renewed by use of the term, it should debate the epistemological 
roots of the fault-line between the two outcomes. The fault-line is in the approach that 
different parts of the water security research community approach and consider the 
complexity of water-society challenges.  
For all practical research and policy purposes, that complexity is partially composed of the 
nonlinear functioning and coupling of the many political, technological and biophysical 
processes that weave water and society together (see Grafton et al., 2013). A second source 
of complexity of water-society challenges comes from the uncertainty of future water 
availability and demand, which are themselves driven by inter-woven and constantly 
changing geo-political, economic, demographic, and climatic processes (see Milly et al., 
2008).  
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Limiting its review to literature that employs the term ‘water security’ with specific intent, 
this article categorises two major research streams on either side of the complexity fault-
line. It finds that the clearest research messages and policy recommendations currently on 
offer come from a ‘security through certainty’ stream that seeks to reduce the complexity 
through quantified risk-analysis and simplifying assumptions about national economy, 
hydro-climatology, and society. Policy options ensuing from an uncritical uptake of 
recommendations derived from this first, ‘reductionist’, approach may exclude a number of 
tested or innovative solutions, be poorly-equipped to deal with non-stationary 
environmental conditions, and offer little to the most vulnerable communities. Indeed, the 
approach risks relegating the communities to collateral-damage status or, more perniciously, 
accord them the blame for their own water insecurity.  
A second stream of research integrates several uncoordinated tributaries that follow a 
general ‘security through pluralism’ approach, which is more comprehensive in the methods 
employed to understand the water-society processes, and more socially-driven and 
adaptive in dealing with the broadened set of uncertainties that are considered. Research 
carried out under this ‘integrative’ approach to complexity introduces novel policy options 
and takes advantage of the myriad context-specific techniques and solutions already in 
place. This latter approach currently has less reach into global water policy fora, primarily 
because the context-specific solutions are not readily translatable. The article concludes by 
defining a route towards more effective water security research and policy, which stresses 
the use of analysis that matches the state of knowledge possessed, an expanded research 
agenda, and explicit engagement with social distributional challenges. 
 
2. Seeking water security through certainty: the ‘reductionist’ 
approach 
The body of water security research characterised here as ‘reductionist’ in its approach to 
complexity is founded on the World Bank’s Towards a Water-Secure Kenya: Water 
Resources Sector Memorandum (World Bank, 2004), and Sink or Swim? Water security for 
growth and development (Grey and Sadoff, 2007). Water security papers that build on them 
include Briscoe (2009); Hall and Borgomeo (2013); Grey et al (2013); Garrick and Hall (2014); 
and Sadoff et al (2015). Some of the original work is related to the influential World Bank 
Country Water Resource Strategies, notably for Ethiopia (World Bank, 2006), and many 
ideas generated by this research have been taken up in various policy fora, including GWP 
(2010), RAE (2010), OECD (2013), WWC-OECD (2015), as well as those listed in Tables 2 and 
3.  
The appeal of the reductionist stream of water security research comes primarily from the 
clarity of its messages, and from policy prescriptions that are both specific, and 
generalizable. Grounded primarily in engineering and economic traditions, the body of work 
in this stream usefully counters attempts to securitise the resource with militaristic 
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strategies, and helpfully calls for the collection and more open sharing of hydrological data. 
As discussed following, however, its approach to complexity may lead to shortcomings 
when it crosses into policy-making processes, notably by a) seeking to represent uncertainty 
through calculable risk, b) linking national GDP tightly to hydro climatological causes, and c) 
overlooking diversity and politics in society.  
2.1 Reduction of uncertainty through risk framing and analysis 
Few would disagree that water security should be at least partly about analysing and 
reducing risk, in the colloquial sense of the term; that is, to offset “a situation involving 
exposure to danger or threat” (Grey et al., 2013).  Using ‘risk’ to frame water-society 
challenges obliges us to think in a systematic way about uncertainty (Mason and Calow, 
2012), allows easy translation across scales (Bakker, 2012), and is particularly relevant to 
both water-related hazards like floods (Garrick and Hall, 2014) and to the reputational 
concerns of business (e.g. Kelly, 2014; WEF, 2011; WRG, 2010, 2014). It also allows for re-
categorisation of domestic water supply challenges (e.g. Hope and Rouse, 2013; REACH, 
2015), and ‘speaks’ to water decision-makers who must justify their budgets (Coates et al., 
2012: 240). The problems arise when the logic of qualitative risk framing does not support 
the conclusions reached, or when the degree of certainty produced by quantitative risk 
analysis is undermined by its own methods and assumptions.  
An example of the logic of a risk framing being pushed too far is with the assertion that the 
economies of countries with relatively little per capita built water storage are weak in large 
part because of the risk-averse behaviour their people have adopted in face of highly 
variable rainfall and runoff patterns – see Table 2. The causal relationship constructed from 
the series of reductions reviewed there provides an unstable foundation for the policy logic 
that may be inferred from the message: ‘deal with rainfall and runoff variability by building 
more storage on-farm, near cities or regionally.’ The utility of such storage is limited to 
specific hydrological, geological and soil conditions, and so may encourage farmers in some 
locations (of Ethiopia, say) to take more management risks. The policy option is less 
practical where weather conditions are different in other parts of the country, however, and 
is ill-suited to confront unpredictable changes in society or climate such as rapid increases in 
water demand, a five-year drought, or other uncertainties that escape the risk radar.  
  
Complex Water Security – 22 Feb 2016  6 of 30 
Table 2. Questionning complexity out of certainty 1: risk-mitigation through water storage 
leads to wealth. 
Introduction Premise Concerns 
When scientists 
actively seek to inform 
policy, they attempt to 
distil down ideas and 
simplify intricacies – at 
the danger of boiling 
away the substance or 
becoming overly 
deterministic, as in the 
following figures. A 
variation of World 
Bank (2004: Fig 4.2), 
the first figure is 
reproduced or 
adapted in a number 
of articles, 
presentations and 
reports (e.g. Briscoe, 
2009; Grey, 2012; 
Salzberg, 2009; UNEP, 
2008; Whittington et 
al., 2009), while the 
second has been taken 
up in Sadoff et al 
(2015: Box 1). 
The first figure compares the ‘built 
reservoir capacity per capita’ of 
Ethiopia (38 m
3
/person) with other 
countries, and North America 
(5,961 m
3
/person). While the paper 
acknowledges the substantial social 
and environmental costs of the 
hydraulic infrastructure required to 
provide water storage, the 
suggestion is that the predictability 
provided by the protection against 
flood and drought enables 
economies to flourish. The second 
figure tests the idea on large river 
basins, tying built storage with 
institutional capacity, and using 
variation in runoff as an indicator 
of ‘hydrologic variability’. Countries 
that form part of basins benefitting 
from high investment to reduce or 
manage water-related risk have a 
greater GDP, it is suggested, even if 
they have more hydrological 
variability. Risk framing steers the 
reasoning behind both figures: 
unpredictable variability in rainfall 
and runoff leads to “risk-averse 
behaviour” (Grey and Sadoff, 2007: 
551), which constrains national 
economic growth. 
Farmers benefit from more reliable and 
predictable supplies of water, of course, and if 
an entire economy can be ‘climate-proofed’ 
against variability, it certainly has an 
opportunity to thrive. However, a number of 
issues with the figures call the reasoning 
provided into question: The omission of 
countries that would belie the trend suggested 
(where would low per capita Singapore be 
placed? high per capita Ghana?); the lack of 
consideration of in-country rainfall and flooding 
patterns, and natural flood defences or 
adaptation; the neglect of the multiple non-
water ecosystem functions provided by healthy 
freshwater systems, including fish protein, 
floodplain sediment replenishment or carbon 
sequestration; the inclusion of large amounts of 
‘dead’ storage from extremely large 
hydropower dams that serve no flood ‘buffer’ 
or drought prevention purpose; and the 
apparent reconciliation of irreconcilable 
national political borders and river basin 
boundaries. Even the data themselves are 
belied by different analyses (see McCartney 
and Smakhtin, 2010: Box 1). The message that 
economic wealth is derived from increased 
water storage or low run off because these 
mitigate individual risk leads to firm 
recommendations (i.e. build more storage, 
improve institutions), but the foundation upon 
which it rests is not secure.  
Built reservoir capacity in 2003 (y axis, m
3
 per capita) in select countries (and one continent) (Grey and Sadoff, 
2007: Fig 3). Permission to reproduce to be sought.  
  
Built reservoir capacity and institutional capacity vs. variation in monthly runoff, for populous river basins (Hall 
et al., 2014: Fig 2). Permission to reproduce to be sought.  
Complex Water Security – 22 Feb 2016  7 of 30 
 
Policy deriving from quantitative risk analysis may be even more likely to suffer from over-
reach. Over-simplification of complex challenges through an inappropriately narrow focus 
on probability as part of the formal risk framing is an inadequate response to incomplete 
knowledge, yet, as Stirling (2010: 1029) notes, encourages “policy-makers to pursue (and 
claim) ‘science-based’ decisions” (see also Beven, 2008; New et al., 2007). As Hall and 
Borgomeo (2013: 18) warn, “[a]dopting a probabilistic representation of uncertainty when it 
is not warranted by the available evidence can lead to assessments of risk that 
underestimate the total uncertainty and adoption of management responses that are 
vulnerable to those uncertainties” (see also Pahl-Wostl, 2016: Box 6.2) Risk cannot be 
managed if it cannot be adequately understood and measured, in other words.  
Claims that the formal risk appoach can incorporate highly uncertain non-stationary climatic 
conditions adequately for water security analysis (as in Hall and Borgomeo, 2013: 17) 
therefore call for investigation of the uncertainties that might be passed over. Here, a 
modelled assessment of water security in England is “idealized” for being limited to model 
uncertainties of the chosen climate scenarios (see AGWA, 2013); water use in the south of 
the country; and only a small number of the many relevant actors. As the ongoing water-
related conflict generated by the introduction of hydraulic fracturing in the UK reveals, 
water governance in England is afflicted with uncertainties driven not just by new 
technologies and the way people may support or oppose environmental policy, but by 
future energy demands that are driven by global biophysical and economic processes, as 
well as the regional politics of the European Union – factors which are beyond the grasp of 
probability and functionality. If, as in this example, the role of people and climate is over-
looked or over-simplified in contexts where climate and social data are relatively readily 
available, management responses are likely to be yet more vulnerable to simplifying 
assumptions where there are even less data available. The very concern raised by the 
authors about conclusions drawn from unwarranted evidence is proven unable to counter 
the allure of the application of the method.  
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The range of applicability of quantitative risk analysis for water security research is thus 
restricted to contexts that are very well studied, with well-bounded (and thus ‘known’) 
conditions. It can thus take its place as one option within the plurality of approaches 
required to address water security, in particular with land-use planning decisions in the face 
of droughts (Brown et al., 2013) and floods (Sayers et al., 2014). Critical eyes must remain 
open, meanwhile, for the potential misinterpretation of quantified risk as ‘real’, or ‘fixed’ in 
any way, particularly in situations of great complexity and uncertainty. It is not surprising to 
witness cases where policy-makers jettison the notes of caution raised by researchers, and 
take action without due consideration of the unknowns – as a separate study on UK floods 
has shown (Kuklicke and Demeritt, 2016). The same study draws attention to a less 
foreseeable appeal of simplified messages: uncertainty may be deliberately ignored by 
policy institutions that are concerned about their own reputational risk (Kuklicke and 
Demeritt, 2016: 65), who thus legitimise rather than question the validity of the approach. 
 
2.2 Reduction of swings in GDP to hydro-climatological causes 
Another possible knock-on effect of the adoption of clear and simple (if unfounded) policy 
recommendations is the reinforcement of interests already invested in the water and 
development sectors, because different groups have very different influence over the 
science-policy process. There is thus reason to reflect upon the extent to which the status 
quo is likely to be challenged, when the role that water resources play in societies is 
reduced to a simple deterministic relationship between rainfall or runoff, and national GDP.  
To return to the case of Ethiopia (Table 3), the idea that national GDP is closely linked to 
rainfall does not stand up to statistical scrutiny, even though certain ways of presenting 
relationships visually may appear to tell a different story. The incorporation of other hydro-
climatic variables and basin-specific and annual global effects into the analysis (such as 
modelled evapotranspiration (Sadoff et al., 2015))) refines the message, to a degree. The 
second-generation analysis still fails, however, to explicitly take into account the many 
complex reasons beyond hydrological variability that influence a country’s GDP. These 
include political stability, international trade, level of industrialisation, and education levels, 
to name just a few (see Merrey (2009), Hatfield-Dodds (2006). A policy correlation between 
reservoir storage and GDP also incorrectly assumes a linear and equitable share of GDP for 
marginalised and poor people (see Calow and Mason, 2014; Dercon, 2012). 
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Table 3. Questionning complexity out of certainty 2: GDP links with rainfall. 
Introduction Premise Concerns 
The rainfall vs. GDP 
growth graph 
shown in the first 
figure below is 
seen frequently at 
global water fora, 
and reproduced or 
taken further in  
journal articles and 
policy reports 
(Delli-Priscoli, 
2012; DFID, 2009; 
Muller et al., 2009; 
Petherick, 2012; 
see also REACH, 
2015; Sadoff and 
Grey, 2008; Sadoff 
and Muller, 2009; 
The Economist, 
2009; van Aalst et 
al., 2007; e.g. 
World Bank, 2006; 
WWDR, 2009: 82). 
The figure tracks the 
national and agricultural 
GDP growth of Ethiopia 
against rainfall variability, 
from 1982 to 2000. A very 
“sensitive” relation is 
suggested for most years 
(Grey and Sadoff, 2007: 
557); that is, strong 
economic growth seems to 
follow years of heavy rain, 
and droughts appear to 
precede economic declines. 
The paper asserts that 
poverty is associated with 
the “hydrologic variability” 
of a country, whereas water 
infrastructure and 
institutions that might 
mitigate the variability, 
along with “market 
infrastructure”, are coupled 
to national economic 
wealth. “The overall impact 
is that Ethiopia’s economic 
growth is tied tightly to the 
rains” (Grey and Sadoff, 
2007: 557). Caveats 
provided point out that the 
association between 
hydrological complexity and 
GDP growth does not mean 
causality, though the 
association is upgraded (in 
Grey, et al. 2013) to a 
“relationship”. Thus are 
linear cause and effect 
dynamics apparently 
distilled from the otherwise 
multi-faceted interaction 
between water and society. 
Apart from its neglect of national distributional issues (of 
wealth, or of rainfall) discussed in the main text, other 
limitations of the simple rainfall variability–GDP growth 
analysis for Ethiopia have been revealed both by basic 
statistical analysis and by the passage of time. Though no 
correlation coefficient (or p-value) for the figure is 
provided in the original paper, re-analysing the same 
datasets confirms that any correlation perceived visually 
in the figure is not statistically significant. When the data 
are extended to 2007, furthermore, the apparent 
relationship is actually unstable, and highly sensitive to 
outliers such as the 1985 drought (see Conway and 
Schipper, 2011: Fig 3).  
Further extension of the analysis to 2013 – in the second 
figure below – confirms the statistical decoupling of the 
two series of data. Based on the Climatic Research Unit 
(CRU) 3.22 rainfall dataset and the UN Data for economic 
growth, a weak and statistically insignificant linear 
correlation is calculated. Re-analysing the Grey and Sadoff 
(2007) and Conway and Schipper (2011) time periods with 
these datasets results in equally weak and statistically 
insignificant correlations. The conclusion is that GDP 
growth in Ethiopia is not even visually (much less 
statistically) tied to rainfall variability, from 1982 to 
2013.* Considering the many factors that influence 
national economic growth, the finding is to be expected 
(and confirmed in Sadoff, et al. (2015: Box 2). This does 
not mean that decades of steady rains will prevent 
farmers from making safer and more profitable 
investment decisions, or that any resultant greater yields 
will in any way harm the local and national economies. 
Given the widespread uncritical use of the graph, 
however, the finding demonstrates how wholly 
unfounded messages can make their way into policy. 
Those seeking water security should have less faith in 
spurious statistics, and consider options that work with 
variabilty, rather than try to eliminate it.  
*The analysis also demonstrates that any statistical analysis will be 
vulnerable to the choice of data – the CRU and ARTES rainfall datasets 
here yield different correlations, albeit statistically equally insignificant. 
Rainfall variability, and agricultural and GDP growth [%] in Ethiopia, from 1982 to 2000. (Grey and Sadoff, 2007: 
Fig 5). Permission to reproduce to be sought.  
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The rainfall-GDP graph for Ethiopia, from 1982 to 2013, for which there is no statistical relation. Source: 
authors. 
 
As before, the concern is less with the hydro-economic modelling method chosen than with 
its use in situations where it is not warranted, and so with how the results may shape policy. 
If policy-makers and influencers see national economic growth as inversely related to 
rainfall or runoff variability, they are likely to support the clear and simple policy 
recommendations derived from these causal links, regardless of the caveats provided. 
Harking back to classic water resources management, the policy recommendations backed 
by the researchers in this stream are arranged to facilitate increasing water supply and 
narrow conceptions of water use efficiency, and are posed as investments in hydraulic 
infrastructure and institutions (Garrick and Hall, 2014; Grey and Sadoff, 2007), and 
hydrological information (Grey et al., 2013; Hall et al., 2014; Sadoff et al., 2015).  
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Lending banks and financial institutions have been immediately drawn to the much higher-
expenditure recommendation to invest in infrastructure, possibly to the exclusion of 
investment in institutions and information (see WWC-OECD, 2015). The way is thus paved 
for the benefits of dams, canals and storage schemes, but quietly and very effectively 
blocked for consideration of some of their downsides: an inability to adapt to future hydro-
social-climatic conditions (‘lock-in’); a lack of fit to existing and especially micro-scale/local 
infrastructure that distributes water (Lankford, 2013); the “false sense of security” 
engendered, for instance, by levees (Palmer et al., 2015: 585) and considerable but 
concealable social, ecological and economic costs (Flyvbjerg, 2014; Matthews and Geheb, 
2015; World Bank, 2015). Who pays for the removal or replacement of the infrastructure 
once it is obsolete is one of the more pressing questions raised (Doyle and Havlick, 2009). 
The concern remains even if the accompanying regulatory and enforcement frameworks are 
strong and purposively flexible to meet ever-changing conditions, which is often not the 
case. This supply-side logic has mis-served governments in Australia (Pegram et al., 2013), 
Central Asia (Varis, 2014), Spain (Rovira and Polo, 2015), or along the Orange-Senqu, Yellow, 
and Colorado Rivers (Grafton et al., 2013), who must now deal with simultaneous over-
capacity of hydraulic infrastructure designed for specific conditions, and the over-reliance of 
their constituents upon it for water, whenever the rains ‘fail’.  
The inflexibility of the approach is further compounded by being restricted to water 
resources that are easily measured, or ‘engineered’, like surface water. Left out of the 
equations is water in the aquifers, or soil. No matter how robust the statistical analysis is, 
research undertaken in the name of water security that does not consider groundwater (e.g. 
Brown et al., 2013; Vörösmarty et al., 2010) bypasses the millions of farming livelihoods and 
all of the food provided through groundwater-irrigated agriculture, not to mention the 
millions who rely on it for drinking. Similarly, basin-level analyses that neglect the role of 
soil-water in achieving water security (e.g. Sadoff et al., 2015: Fig 1), obscure the 
communities dependent upon rainfed agriculture, and so shuts out policy that may be 
derived from the adaptable livelihood strategies they have developed, as well as green/blue 
water management and other innovations discussed later. 
2.3 Reduction of diversity and politics in society 
An even greater number of policy options are excluded through attempts to reduce the 
complexity in society. The ‘tolerable risk’ definitions of water security at first appear 
inclusive and considerate of the most vulnerable: e.g. “water security is a tolerable level of 
water-related risk to society“ (Grey et al., 2013: 4) (see also Grey and Sadoff (2007: 569) and 
Table 1) . The definitions imply, however, that ‘all’ in society have relatively equal influence 
over their situation, when in reality some people bear the ‘risky’ consequences of other 
people’s choices.  
If you are prevented by your income, gender, religion or nationality from accessing water 
that is available to others, it is of little use that (the rest of) ‘society’ can tolerate the risk you 
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face. It is in this sense that citizens of inner-city Detroit (Blue Planet, 2014), street kids in 
Mumbai (Hanchett et al., 2003), women in rural Ghana (Venot and Clement, 2013), and 
Palestinians throughout the West Bank and Gaza (Selby, 2013) are water insecure. Though 
these and many other marginalised communities have been the targets of locally-
implemented and internationally-funded water security-type projects and programmes, 
they are likely to remain water insecure so long as the cultural biases and political 
exclusions that in large part prevent them from accessing water on equal terms with others 
continue to be downplayed. 
For clarity and effectiveness, then, water security policy and projects aimed at the most 
vulnerable should ask the question, who benefits? An appreciation of power asymmetries 
suggests that the group that benefits the most might often be the very group that defines 
what level of risk is tolerable for other groups, through the trade-offs that must be made 
when everyone cannot benefit equally. It is the landowners in Pakistan who define the 
tolerable level of water-related risk when they choose to protect their fields rather than 
their neighbours from floods, for example (BBC, 2010). The wealthy and powerful can also 
use insurance or influence over reconstruction permits to externalise threats in ways that 
are not typically available to the marginalised in society (Collins, 2009; Mustafa, 2012).  
In this sense, the advice that “tolerability of risk will depend on the size of the population, 
with societies tending to be averse to very large-scale losses to people” (Hall and Borgomeo, 
2013: 8) is a cynical turn against both vulnerable communities and individuals. As the 
‘security through certainty’ stream of water security research evolves, then, it discards the 
elements of fairness that were implicit in its foundational work. Yet, the greatest problem 
with avoiding the politics so integral to allocation of and access to water is that it can lead to 
a view of poverty and water insecurity seemingly being “the fault of one’s birthplace rather 
than the outcome of a set of social relations that can be transformed” (Loftus, 2014: 3).  
 
3. Seeking water security via complexity – the integrative approach 
The term ‘water security’ has also animated a great body of research that is tailored to 
particular challenges or communities, and does not necessarily seek to generalize. The 
diverse tributaries to this stream develop independently throughout the world, and across a 
very wide range of disciplines. They generally tend to approach the complexity of the water-
society challenges either by invoking more comprehensive analysis of the underlying 
processes, or by being socially driven and adaptive in the face of a broadened set of 
uncertainties that are considered.  
The inclusive spirit of this stream of water security research may evoke comparisons with 
the paradigm of Integrated Water Resources Management, or IWRM (e.g. Cook and Bakker, 
2012; Savenije and van der Zaag, 2008). IWRM served to steer thinking away from ‘classic’ 
water resources management that was based on notions of environmental equilibrium 
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conditions, was isolated from forestry and agriculture, and employed a top-down view of 
scientists and decision-makers in society. However, these very roots in classic water 
resources management also limit the utility of IWRM: it problematically employs the river 
basin as a unit of analysis, and avoids the politics that can serve to manage trade-offs 
(amongst many other critiques, see e.g. Allan, 2003; Pegram et al., 2013; Warner et al., 
2008). By contrast, the integrative body of water security research extends to industrial and 
domestic water challenges, can accommodate many different forms of analysis, and – by 
virtue of the ‘freedom from fear’ element included in the term ‘security’ – cannot (and does 
not) invite claims of being apolitical. By the definition provided here, furthermore, 
integrative water security research is obliged to confront complexity in a way that IWRM 
will never be. 
Analysis and policy framed in an ‘integrative’ manner may share the understanding that it is 
better to be imprecise and correct, than precise but wrong (see Gunderson, 1999; LWEC, 
2014; UN-Water, 2012a). This is a precautionary philosophy, consistent with the 
international water-law community’s approach to uncertainty with respect to the nature 
and extent of poorly explored aquifers (Hawkins, 2015; UN ILC, 2008: Art 12), in keeping 
with the environmental philosophy critique of humankind seeking control over nature (Read, 
2015), and compatible with the response to dynamism created by non-equilibrium hydro-
climatic and rapidly changing social conditions (see e.g. Lankford and Beale, 2007; Leach et 
al., 2010; Scott et al., 2012).  
Very generally, the uncertainties of any particular complex challenge may be approached 
through planned redundancies in systems, reversible infrastructure, an ‘architectural 
systems’ approach to infrastructure types (Lankford, 2013), or decision frames that are 
robust in the sense that they expliciltly seek to incorporate many perspectives. Much of this 
water security research aligns with the reductionist approach in so far as it sees increased 
reliability of supply as a key component to water security in many contexts. But only so long 
as reliable supply is not separated from equitable distribution of and access to water, or 
from environmental sustainability throughout the hydrological wet-dry regime (see e.g. van 
der Zaag and Gupta, 2008). The resultant policy recommendations are more context-specific, 
and may respond better to dynamic hydro-climatological and social conditions. 
Recommendations to sequence investments in infrastructure, institutions, and information 
are thus supplemented by calls for support to soil-water management programmes, food 
trade opportunities, more equitable governance arrangements, and many others. Policy 
that may have been influenced by this stream includes WaterAid (2012), ADB (2013), and 
Calow, et al. (2013), though it cannot be said to have the same policy influence as the work 
of the reductionist approach.  
More specifically, the ‘integrative’ body of water security research grapples with the 
complexity of water-society challenges by: a) explicitly recognising diversity in society and 
the environment, while maintaining focus on the most marginalised; b) incorporating water 
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resources that are less-easily controlled into the analysis; and c) welcoming innovative and 
adaptive approaches to move beyond supply-side prescriptions.  
3.1 Working with diversity and inustice in society and the environment 
Many of the integrative water security research tributaries see water as an intrinsically 
relational, political and multiple-scale issue of both water access and control (from Boelens 
and Seemann, 2014, and see Table 1). This is a recognition of the paradox of any water 
security measure; that is, that water security for some communities can come at the cost of 
water (or food, energy, or climate) insecurity of others, as for instance in the case of UK 
consumption of asparagus grown through over-pumping the aquifers of the Ica-
Huancavelica valley in Peru (Hepworth et al., 2010; Zeitoun, 2011).  
This stream of water security research seeks to reduce the complexity of social diversity 
without over-simplifying it, which is no easy task (see Schmidt, 2012). While it is clear in 
some situations who the winners and losers of any policy may be, other situations would 
likely require the context-specific understandings of exclusion that can be provided, for 
instance, by the heavy weight of evidence collected through ethnographic water security 
studies (e.g. Vera Delgado, 2011), or by working explicitly with those people most intensely 
affected through trans disciplinary research approaches (Krueger et al., 2016). Research 
targeted at the individual or community by linking water security with human security (e.g. 
Allouche et al., 2014b; Gerlak and Wilder, 2012; Jepson, 2014; Leb and Wouters, 2013), or 
that specifies water security for whom? (e.g. Warner and Johnson, 2007) is equally vital for 
policy effectiveness.  
The research finds that the causes of inequitable distributions of benefits and risks are often 
best attributed to a political economy that disadvantages those who are already vulnerable 
or marginalised (see Mason and Calow, 2012). Effective water security policy might 
therefore oblige confrontation of the political, economic and technological arrangements 
that some may judge as unfair or unsustainable, even where more powerful actors might 
argue these are reasonable. Such interventions are, in fact, attempts to steer the inevitable 
trade-offs towards more vulnerable communities, in the true sense of a subjective ‘pro-poor’ 
policy.  
Water policy research employing a ‘justice’ lens to expose the institutional and cultural 
barriers to adequate drinking water services in Africa, Asia and Latin America (e.g. Budds 
and McGranahan, 2003; Zeitoun and McLaughlin, 2013; Zwarteveen and Boelens, 2014) may 
shed light that can serve to reform these structures. Other examples include the 
investigations that have served to shake the complacency of ministries and donor-created 
Water User Associations in South Africa (Kemerink et al., 2013), as well as those that have 
compelled the re-allocation of water to indigenous groups in Australia (e.g. Nikolakis and 
Grafton, 2014). Apart from the blending of social attributes with physical attributes to 
improve water security indicators (e.g. Lautze and Manthrithilake, 2012; Mason, 2013; 
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Norman et al., 2013), however, the water security research community on the whole has 
hesitated to move in this direction.  
The inescapable trade-offs that accompany any new project or policy may go against the 
environment as well, with the continued elimination of species predictable under a global 
political economy that encourages non-industrialised countries to follow the same 
trajectories as industrialised ones (see Sachs et al., 2009). As Palmer (2010: 534) puts it, 
“water security increases with affluence (higher gross domestic product) – but so do threats 
to biodiversity. In fact, the very actions taken to increase water security, such as the building 
of dams and flow diversions, typically result in habitat loss and changes to river flow that act 
to reduce both fish diversity and water quality” (see also Steward-Koster and Bunn, 2016; 
Tickner and Acreman, 2013). Europe’s decimation of its freshwater ecosystems prior to the 
recent trend of river restoration is a case in point (WWF, 2014).  
Efforts to grapple with the inequitable aspects of social diversity are vulnerable to the same 
drawbacks as all policy-oriented research, notably a bias towards more influential 
communities (Cooke and Kothari, 2001), elite capture (Krishnan and George, 2009), or 
misinterpretation by policymakers (Patrick et al., 2014). The context-specific focus of much 
of the research under this stream furthermore limits its easy generalizability, and so the 
support also of donors seeking large-scale development to guarantee returns on investment. 
By challenging the simple messages of the reductionist approach to water security, 
furthermore, the integrative stream simultaneously runs the risk of backgrounding useful 
conventional interventions (about e.g. reservoir storage), while producing findings that are 
not always politically expedient.  
3.2 Beyond the river: incorporating water that is less-readily controlled  
Properly integrated water security research must deal with the manner in which the very 
many interdependent social and biophysical processes combine, and the multiple scales at 
which they do so. Water security analysis must therefore go well ‘beyond the river’ (Sadoff 
and Grey, 2002), and water flows that are readily measured and controlled.  
The established body of groundwater-related water security research (Famiglietti, 2014; 
Foster and MacDonald, 2014; see e.g. Taylor et al., 2013) joins the growing body of work on 
‘green’ (soil) water to contribute to the development of analytical methods for global water 
accounting (Karimi et al., 2013; Lawford et al., 2013) and global food security (Allan, 2013; 
Falkenmark, 2013; Lundqvist, 2000; Warner and Johnson, 2007), as well as policy based on 
green-blue water management (Dent and Dalal-Clayton, 2014), and adaptation to climate 
change (Conway, 2013; Osborn et al., 2015). Considering further that most soil-water used 
by humans is managed by farmers (and so out of the direct reach of governments and large 
corporations (Allan, 2011)), inclusive governance arrangements that make the most of 
different aspects of society, for example, may be more comprehensive than classical formal 
institutions, now and in the future (see Norton, 2014).  
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The interwoven social and biophysical processes, connected in the hydro-social system 
(Linton, 2014), lead to interdependencies with other resources, and so to climate, food, and 
energy security. Any form of sustainable water security policy must therefore consider these 
wider ‘nexus’ issues (see Allouche et al., 2014a: 6), and debate, for instance, whether water 
in agriculture is to be used to produce food or biofuel, or whether at the basin level water is 
to be allocated for agriculture, ecosystems, public drinking water supply, or energy 
generation (Scott et al., 2011). There is certainly a lack of water security research relating 
local water dead-ends and cycles with larger hydro-cycles, however, just as there is a great 
need for even further integration with earth observation and climate research (e.g. 
Vörösmarty et al., 2013). Further efforts must equally go beyond the ‘water box’ entirely, to 
incorporate the influence of ministries of finance, trade boards, multi-national corporations 
and local private-sector actors (not only farmers), all of whom are involved in global food / 
virtual water trade and global sustainability challenges (e.g. Seekell et al., 2011).  
As with water security research that challenges established patterns of social distribution, 
policy options derived from this body of work are engaged in an uphill trek. The institutions 
required to run them will have to span departments of government and administrative 
jurisdictions that have been entrenched for decades. The infrastructure required is typically 
less grand and more dispersed, so that even if better ‘matched’, is less attractive to invest in.  
3.3 Beyond supply-side prescriptions: welcoming adaptive approaches  
Adaptation and flexibility are tenets central to uncertain futures (see e.g. Hall et al., 2014: 
430), particularly given the problems with infrastructure ‘lock-in’. Adaptive approaches also 
serve to integrate people’s ingenuity, and have been shown to be the most effective when 
potential pitfalls cannot be adequately characterised (see Stirling et al., 2007: Fig 5). 
Analytical approaches to complexity that appreciate social diversity can thus supplement 
locally relevant blends of adaptation as well as appropriate (if “clumsy”) infrastructure and 
technology (see e.g. García et al., 2014: Ch 4; Matthews et al., 2011; Palmer, 2010; Verweij 
and Thompson, 2006). For example, combined storage options are more adaptable than 
single storage systems, and hence provide better ‘security’ against the vagaries of rainfall 
(McCartney and Smakhtin, 2010). Integration of the lessons of adaptive water management 
into water security (see Pahl-Wostl et al., 2013a; Scott et al., 2013) move beyond measures 
to increase ‘water use efficiency’ in production, to focus instead on learning, adapting, and 
consumption patterns (see also Clement, 2013), very much like the adaptive stream of 
‘climate-smart’ agriculture. Allan et al. (2013) for instance, make a convincing case for the 
utility of adaptive water management for dealing with the social-ecological complexity of 
water security in China’s National Water Policy, the European Floods Directive and 
Australia’s Murray–Darling Basin Plan (see also Raadgever et al., 2011; Sigel et al., 2010).  
The more that research and policy develops along these adaptive and flexible lines, the 
more creative and responsive conceptualisations of water security can be. The integrative 
water security research community appears to be gradually leaning away from viewing 
security simply in terms of sufficiency, or in terms of eliminating variability, and towards the 
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type of water security that comes through recognition of shared responsibilities, just as 
thinking about the global commons must and does challenge dated notions of absolute 
territorial sovereignty. 
 
4. The route to effective water security 
This article has asserted that realising the full conceptual, analytical, and policy benefits of 
‘water security’ depends largely on how the complexity of water-society challenges is 
considered and approached. This complexity is shaped by nonlinear and interwoven political, 
biophysical and technical processes, as well as by the severe uncertainty of future water 
availability and demand.  
Two approaches have been discussed: a policy-friendly approach that seeks to reduce 
complexity through risk analysis and simplifying assumptions about national economies, 
hydro-climatology, and society; and a more pluralistic approach that broadens both the 
range of uncertainties considered and the analytical methods by which to integrate them. 
Laid-out in this way, the ‘complexity fault-line’ between the two approaches is certainly 
often blurred (some nexus work that might otherwise be labelled integrative here, for 
example, tends to underemphasise distributional issues (see Allouche et al., 2015)), but the 
distinction does serve to highlight key concerns, and how they may be addressed.  
The main concern is that the allure of the ‘reductionist’ approach in policy-circles can lead 
to the premature closure of useful options that might otherwise be opened by the 
‘integrative’ approach, in much the same way that some physical climate science circles 
ignore the contributions of social climate science (see Castree et al., 2014). This analysis has 
shown that the reductionist approach is problematic because a) at least some of it is 
insufficiently grounded to justify the support it provides to large investment plans, b) the 
uncertainties that are veiled by some of these approaches are the very ones that can render 
resultant policy recommendations ineffective, and c) downplaying of social distributional 
issues and power asymmetries will tend to favour the wealthy and powerful over the 
marginalised. If it is to prove of use, the term ‘water security’ needs to be rooted, expanded, 
and attuned to social justice.  
The analysis thus not only justifies more space for an ‘integrative’ approach to water 
security in policy circles, but it also sketches three landmarks on the route to more effective 
water security. First, the form of water security analysis must match the level or state of 
knowledge possessed. Formal quantitative risk analysis works best when the incomplete 
knowledge possessed is related to familiar systems under controlled conditions with 
sufficient and reliable data. It might prove suitable for predicting and protecting against 
floods in well-studied areas (Stirling et al., 2007: Fig 1), for example, but is not to be trusted 
where data is poor or where the reputational risk of policy institutions may distort. 
Qualitative and quantitative risk framing also falls down when stretched too far, as in linking 
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national economic growth with hydrologic variability, or built reservoir capacity with 
poverty. It is in this sense that the presentation of the graphs of Tables 2 and 3 to policy-
makers is as misleading as it is narrowing.  
When our collective level of knowledge is characterised by ignorance, ambiguity or 
uncertainty, a systematic analysis that explores the real limits of our understanding is more 
effective. This holds for social appraisals of sustainability (e.g. Stirling et al., 2007: Ch 3), to 
define ‘critical’ hydrologic indicator thresholds (Singh et al., 2014), or for the design of water 
resource infrastructure systems (Brown, 2010), for example. Lessons that this body of work 
hold for water security research and policy include the rationale for broadened, 
precautionary, and more humble approaches and perspectives in the face of unknown 
unknowns. Along with the many types of analysis noted here, qualitative risk framing that 
draws attention to hydro-climatic hazards and social vulnerabilities can be a useful 
complement to such efforts, when it is properly founded.  
The second landmark on the route to more effective water security is an expanded research 
agenda. This is a collective task to more accurately stake-out the useful range of the 
reductionist approach, as well as to begin to address the very many gaps that exist (as Pahl–
Wostl et al (2013b) have done at the global level). Gaps identified here include more 
coherent accounting of water movements within a system (to include soil-water and 
groundwater, at the very least) (see e.g. Simons et al., 2015); a better understanding of the 
interaction of global and local weather and climate processes, through integration of 
hydrology, hydrogeology and agronomy with climate and social science; systematic 
consideration of the influence of processes beyond the water box (e.g. food trade, 
international agreements); improved integration of the findings with established thinking on 
appropriate infrastructure and technology; improved documentation of experience with 
adaptation management techniques (DFID, 2015; see Hallegatte, 2009); integration of the 
thoughts on ‘water tenure security’ (Hodgson, 2016); and a better understanding of the way 
that political and economic systems, corruption, and transparency influence all of the above 
(Matthews and Schmidt, 2014). There is also considerable gain to be had by combining 
extensive comparative research into water security processes and outcomes with deeper 
contextualised work on how local variations in water security occur. Local understandings of 
water security may provide the best entry point to move beyond the institutional barriers 
that maintain inequity.   
Finally, if water security research is to serve policy that will reach those most negatively 
impacted by resource allocation, both today and in the uncertain future, it must explicitly 
address inequity in outcomes. If anything related to water security is to be reduced, let it be 
ambiguity about objectives. Water security research and policy will be more effective if the 
meaning and intended target of the ‘security’ is declared, whether it means the elimination 
of variability in the (impossible) pursuit of water security ‘for all’, market-driven reliability 
for the most efficient use or user, or social justice for the marginalised. Constant integration 
of power asymmetries into the analysis is helpful here, as argued in Bakker and Morinville 
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(2013) (with more specific discussion of the dynamics and decision frameworks provided in 
Geels (2014) Zeitoun, et al., (in press); Poff, et al. (2015)). Though no single water security 
definition is ever likely to serve all purposes, an indicator of too much drift back towards 
classic water resources management and IWRM is that social aspects are downplayed, and 
politics ignored.  
This last point raises ethical questions that should be discussed. If for example some of the 
causes of water insecurity are accepted as structural, is positive discrimination against those 
already benefitting from the arrangement (the way carbon-intensive lifestyles of the 
wealthy might be taxed to facilitate climate change adaptation) morally grounded? Is it 
legitimate for those of us who are so far removed from the consequences of our research 
and policy to exclude those who are most directly affected?  
Engaging in these debates will help ensure that ‘water security’ becomes a paradigm that 
recognizes and grapples with the complexity of water across social, political, economic, and 
climatic dimensions. ‘Water security’ must remain a term that constantly reminds us that in 
tackling complex challenges at the interface of water, society and climate there is no single 
response, no irrevocable scientific ‘truth’, no easy unifying narrative. Instead, there is a 
critical need to be flexible, to ensure adaptability, and most of all to ensure that water-
society-climate research and policy always keep in sharp focus those for whom water 
insecurity is an everyday struggle. 
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struments to manage and share risks (water 
allocation and property rights, land zoning, 
watershed protection, water pricing and 
trading, insurance, and food trade liberal-
ization) ( 9). Investments in infrastructure 
buffer variability and minimize risks (stor-
age, transfers, groundwater wells, levees, 
wastewater treatment, and desalination). In-
formation collection, analysis, and transfer 
(monitoring, forecast and warning systems, 
expert know-how, simulation models, and 
decision-support systems) are essential for 
operating institutions and infrastructure.
Coping with variability involves combina-
tions of the three I’s—seldom do they yield 
their full benefits in isolation. Thus, although 
individual projects have typically been the 
“unit of currency” in investment decision-
making, this needs to be replaced by a more 
systemic view of the pathway to water secu-
rity, sequencing investments along a pathway 
that can most cost-effectively and equitably 
reduce risk. Benefits of water security may 
not fully materialize until some way along 
the pathway when systems are nearing com-
pletion. Unwise choices can lock in unsus-
tainable pathways, storing up future costs, 
for example, of environmental restoration.
Investment in hydraulic infrastructure 
is not consistently productive. Investments 
may be wasteful and inefficient, and perhaps 
socially and ecologically harmful, causing 
political disruption and undermining the 
catchment’s capacity to deliver ecosystem 
services ( 10). A transformation in investment 
appraisal is therefore required, focused on 
risks, trade-offs, and uncertainties associated 
with alternative investment pathways. There 
are promising cases of analysis of costs and 
benefits of water resources management in 
a changing climate [e.g., in the Great Lakes 
( 11) and the Dutch Delta Programme] and 
of long-term planning for water security in 
a rapidly urbanizing world (e.g., in Singa-
pore). Even in these advanced-economy set-
tings, the analysis of risks, exploration of 
uncertainties, and development of long-term 
investment plans have generally not been 
integrated in the way that we believe water 
security requires.
In practice, this requires (i) accounting 
for what is known about variability (from 
the observed record and model evidence) 
and taking proportionate risk-based deci-
sions ( 12), (ii) extensive sensitivity testing 
of residual uncertainties (known and un-
known) to identify key vulnerabilities and 
select robust options, and (iii) promotion of 
adaptive approaches and system resilience 
that can cope with unexpected change ( 13).
here is increasing capability for model-ing 
runoff, water resources, and extreme 
events, but there has been disinvestment in 
observation systems that are essential for 
validation of simulations and to provide 
evi-dence for risk managers on the ground 
( 6). Embracing nonstationarity requires 
more observations over space and time, 
not fewer, exploiting the possibilities of 
new sensors and data sources—from 
crowd-sourcing to Earth observation.
Understanding the evolution of risk also 
means tracking and predicting processes of 
demographic, economic, social, institutional, 
and environmental change. Global socioeco-
nomic data sets and scenarios are an excit-
ing advance but provide a limited picture of 
vulnerability and exposure, often at coarse 
resolution. Records of impacts of risks rely 
heavily on reported events, which provide 
an incomplete picture. Scarcest of all are the 
data to quantify the effectiveness of invest-
ments in institutions and infrastructure to 
reduce risk. We know that successful invest-
ments are path dependent, i.e., that context 
matters. But we do not know, for different 
basins and development paths, what are the 
critical balance and sequencing of invest-
ments in institutions, infrastructure, and 
information.
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Linking economic growth, hydrologic variability, and investment in risk mitigation. The world’s river basins 
with a population >2 million, colored according to GDP per capita of the population in the basin. The horizontal axis 
summarizes hydrologic variability. The vertical axis is a composite indicator of investment in infrastructure and 
institutional capacity. The colored contours are a linearly interpolated surface reflecting the association between 
variability, water security investments, and GDP. See supplementary materials for details.
Coefcient of variation of monthly runof
S
to
ra
g
e
 p
e
r 
c
a
p
it
a
, i
n
s
ti
tu
ti
o
n
a
l c
a
p
a
c
it
y
1
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
Low income
Lower middle income
Upper middle income
High income
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Linking economic growth, hydrologic variability, 
and investment in risk mitigation
Apalachicola
Colorado
Congo
Danube
Ganges
Hudson
Indus
Lake Chad
Mississippi
Murray-Darling
Niger
Nile
Orange
Jaguaribe
Sacramento
São Francisco
Senegal
Volga
Volta
Zambezi
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
2
Published by AAAS
Figure 1b
Figure 2a
1980 1985 1990 1995 2000 2005 2010 2015−40
−30
−20
−10
0
10
20
30
40
Year
%
 
 
precipitation deviation from mean (CRU)
precipitation deviation from mean (ARTES)
GDP growth (de−trended)
Figure 2b
